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Abstract
Intra-genomic variation between housekeeping and tissue-speciﬁc genes has always been a study of
interest in higher eukaryotes. To-date, however, no such investigation has been done in plants.
Availability of whole genome expression data for both rice and Arabidopsis has made it possible to
examine the evolutionary forces in shaping codon usage pattern in both housekeeping and tissue-speciﬁc
genes in plants. In the present work, we have taken 4065 rice–Arabidopsis homologous gene pairs to
study evolutionary forces responsible for codon usage divergence between housekeeping and tissue-
speciﬁc genes. In both rice and Arabidopsis, it is mutational bias that regulates error minimization in
highly expressed genes of both housekeeping and tissue-speciﬁc genes. Our results show that, in compari-
son to tissue-speciﬁc genes, housekeeping genes are under strong selective constraint in plants. However,
in tissue-speciﬁc genes, lowly expressed genes are under stronger selective constraint compared with
highly expressed genes. We demonstrated that constraint acting on mRNA secondary structure is respon-
sible for modulating codon usage variations in rice tissue-speciﬁc genes. Thus, different evolutionary
forces must underline the evolution of synonymous codon usage of highly expressed genes of housekeep-
ing and tissue-speciﬁc genes in rice and Arabidopsis.
Key words: error minimization; housekeeping; mRNA folding energy; synonymous rates; tissue speciﬁc;
tRNA copy number
1. Introduction
The completed genome sequences of rice
1 (Oryza
sativa) and Arabidopsis
2 (Arabidopsis thaliana) consti-
tute a valuable resource for comparative genomic
analysis, as they are representatives of the two major
evolutionary lineages within the angiosperms: the
monocotyledons and the dicotyledons. The diver-
gence in codon usage patterns between rice and
Arabidopsis genes has occurred since the evolutionary
divergence of the dicots and monocots  200 million
years (My) ago, with increment in GC content of some
rice genes.
3,4 The large scale variation in DNA base
composition due to increment of GC revealed two
gene classes, namely GC-rich and GC-poor in mono-
cots, but not in dicots.
5–8 It is estimated that codon
usage variation in monocots is mainly determined
by spatial arrangement of genomic G þ C-content,
i.e. the isochore structure similar to mammals.
9 The
biased gene distribution in the rice genome raised a
question about the distribution of tissue-speciﬁc and
widely expressed genes according to the GC level of
the isochores. Several studies indicated that the
distribution of widely expressed genes in human is
not correlated with GC levels of isochores.
10–13
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DNA RESEARCH 15, 347–356, (2008) doi:10.1093/dnares/dsn023However, Lercher et al.
14 reported that there is a
strong correlation between gene expression breadth
and GC content in human, suggesting that there
might be selective pressure favoring the concentra-
tion of housekeeping genes in GC-rich isochors.
Evolutionary studies on housekeeping and tissue-
speciﬁc genes in mammalian genome have recently
gained much more interest.
15–18 Working on codon
usage of tissue-speciﬁc genes in human, interestingly,
Plotkin et al.
19 reported that there is a signiﬁcant
difference in synonymous codon usage between
genes speciﬁcally expressed in different human
tissues. The results suggest that selective constraint
acts on synonymous codon usage to optimize trans-
lation by adapting to the pool of tRNAs available in
each tissue for tissue-speciﬁc genes in human.
19
However, Semon et al.
20 by analyzing 2126 human
tissue-speciﬁc genes expressed in 18 libraries demon-
strated that there is no evidence for tissue-speciﬁc
adaptation of synonymous codon usage in human.
Conversely, all the previous studies on housekeep-
ing and tissue-speciﬁc genes have been done on
human genome. Rice which is heterogeneous in
base composition similar to human has not been
explored till date. Rice–Arabidopsis pair is a well-
known model to study codon usage divergence in
plants.
4,21 Availability of whole genome expression
data for both rice and Arabidopsis has made it poss-
ible to examine the pattern of evolutionary forces
shaping codon usage in housekeeping and tissue-
speciﬁc genes of these two plants. In the present
study, we have traced the pattern of evolutionary
forces shaping codon usage in both housekeeping
and tissue-speciﬁc genes of rice and Arabidopsis and
discussed the presence of contrasting selective con-
straint affecting the evolution of these sets of genes.
2. Materials and methods
2.1. Sequence data
The genomes of rice and Arabidopsis were down-
loaded, respectively, from RiceGAAS Rice Genome
Automated Annotation System ftp://ftp.dna.affrc.
go.jp/pub/RiceGAAS/current/ and Arabidopsis
Information Resource (TAIR) http://www.arabidopsis.
org/. All sequences having ,100 codons were
ignored from our data set. Also, genes containing
internal stop codons were removed and thus data
set comprising a total of 18 658 rice genes was
taken for further analysis.
Homologous genes between rice and Arabidopsis
genomes were identiﬁed using gapped BLASTP
searches using cut-off expects of 10.0   10
26.
22
Pairs of coding sequences which have at least 30%
amino acids positives and overlaps over at least 80%
of their length were retained for the analysis. The
maximum gap size allowed between a pair of
sequence is 5%. Owing to presence of much multi-
copy genes both in Arabidopsis and rice, some
sequences from one species showed high levels of
sequence similarity with more than one sequence
from the other species. In those cases, the sequence
pairs that produced higher degree of sequence simi-
larity were retained.
23 We also eliminated pseudo
genes and mitochondrial protein from the homo-
logous gene set. Finally, our data set consists of 4065
homologous gene pairs (Supplementary Table S1 con-
tains rice–Arabidopsis homologous genes pairs).
2.2. Expression proﬁle
The public domain MPSS (massively parallel signa-
ture sequencing) expression data for rice
24 (http://
mpss.udel.edu/rice/) and Arabidopsis
25 (http://
mpss.udel.edu/at/) present more accurate estimation
of gene transcript levels and are easily accessible.
25
The expression level of a gene expressed in a single
library is estimated by counting the number of indi-
vidual 17-base signature sequences representing
each gene.
26 It should be noted that current MPSS
data set for rice is based on the TIGR rice genome
annotation. We retrieved expression level of individual
rice genes with RiceGAAS ID using Rice MPSS: Query
by Sequence tool that basically extract all possible
tags from the sequence and compare them against
their database. The expression levels of a gene
expressed in different expression libraries were esti-
mated by calculating average expression values in all
libraries considered (Supplementary Tables S2 and
S3 contain library information). We sorted the
expression values in each library in an ascending
order, and then divided them into ﬁve groups, each
containing 20% of the population.
26 Individual
genes were assigned an expression rank from 1 (low
expression) to 5 (high expression) according to the
increase in average expression level.
Tissuespeciﬁcityofageneismeasuredbyusingtissue
speciﬁcity index t.
27,28 The t of gene i is deﬁned by
tH ¼
PnH
j¼1 1  ½ log2 SHði;jÞ=log2 SHði;maxÞ 
  
nH   1
;
where nH is the number of tissues examined and
SH(i, max) is the highest expression of gene i across the
nH tissues. The t value ranges from 0 to 1, with higher
values indicating higher variations in expressional level
across tissues or higher tissue speciﬁcities. If a gene has
expressioninonlyonetissue,tapproaches1.Incontrast,
if a gene is equally expressed in all tissues, t ¼ 0.
We assigned housekeeping and tissue-speciﬁc genes
by sorting our data set (4065 rice–Arabidopsis
348 Intra-genomic Variation Between Housekeeping and Tissue-speciﬁc Genes [Vol. 15,homologous genes) according to increase in t value
and taking out genes from extreme 20% of popu-
lation from both ends. Using the above criteria, we
obtained 787 housekeeping and 770 tissue-speciﬁc
genes. All our analysis were performed using 787
housekeeping and 770 tissue-speciﬁc genes of rice
with its corresponding counterpart in Arabidopsis
(Supplementary Tables S4 and S5 contain rice–
Arabidopsis housekeeping and tissue-speciﬁc hom-
ologous gene-pairs).
2.3. Sequence analysis
Pair-wise synonymous (Ks) and non-synonymous
(Ka) distance between the homologous genes of rice
and Arabidopsis was calculated by using the method
of Yang and Neilsen.
29
The genetic robustness at codon level has been
measured using CUB available at http://users.ox.ac.
uk/~zool0643/codon/CUB.html.
30 According to this
method proposed by Archetti, we have measured dis-
similarity (DAA/AA*) between original (AA) and
mutant amino acid (AA*) for each synonymous
codon based on the McLachlan’s matrix of chemical
similarity.
31 Dissimilarity of a single amino acid (AA)
is given by: DAA/AA*¼ vAA/AA2 vAA/AA*,w h e r evAA/AA
is the similarity of the amino acid AA to itself and
vAA/AA* is the similarity of AA to the mutant amino
acid AA* obtained after an error at one of the positions
of the original codon. Since vAA/AA.vAA/AA* for every
amino acid, DAA/AA* is always positive, and since there
are three possible mutants for each position, there
are nine possible measures of DAA/AA* for each codon,
corresponding to nine possible mutant codons. Their
mean value is taken as a measure of distance (dis-
similarity) between the original codon and its possible
mutants. This mean value of dissimilarity is the
measure of mean distance (MD) for each codon to
its possible mutants. To calculate the degree of error
minimization of a coding sequence, the correlation
between the MD values and the corresponding relative
synonymous codon usage (RSCU) is calculated for
each synonymous family. If N is the number of degen-
erate synonymous codon families on which the corre-
lation is calculated, and R isthe sum of the correlations,
the degree of error minimization is measured by
RN ¼ R/N (RN ranging between 21a n dþ1). The RN
measures genetic robustness with the assumption
that all the amino acids are weighted equally, irrespec-
tive of their frequency on the protein. If the value of
each correlation is weighted (multiplied) by the fre-
quency of the corresponding amino acid, then the
measure is denoted by wRN. Since MD is a measure
of dissimilarity, the lower the value of RN and wRN,
the higher the degree of error minimization.
The Zipfold program was used to predict free-
folding energies for each native mRNA sequence avail-
able at http://dinamelt.bioinfo.rpi.edu/zipfold.php.
The transfer RNA gene copy number necessary to
determine the major codons
32 for each amino acid
in rice were taken from Xiyin et al.
33 and tRNA copy
number for Arabidopsis was taken from http://
lowelab.ucsc.edu/GtRNAdb/Athal/.
The Student’s t-test was used to evaluate the signiﬁ-
cance of all the pair-wise differences. The statistical
tests were performed using the SPSS (13.0) package.
3. Results and discussion
3.1. Inﬂuence of expression level in modulating
synonymous substitution rates for both
housekeeping and tissue-speciﬁc genes in rice
Analysis of synonymous substitution patterns (Ks)
between rice and Arabidopsis homologous genes
pairs for both housekeeping and tissue-speciﬁc
classes reveals that housekeeping genes are under
stronger selective constraint as observed from their
signiﬁcantly lower average synonymous substitution
rates (Ks ¼ 3.27) (P , 0.001) when compared with
tissue-speciﬁc genes (Ks ¼ 3.45). Similar trend in
evolutionary rates have been observed in earlier
studies on mammalian genome.
15–17 It has already
been demonstrated that housekeeping and tissue-
speciﬁc genes comprise of both highly and lowly
expressed genes.
18 In order to investigate the inﬂu-
ence of expression level in modulating synonymous
substitution rates of housekeeping and tissue-speciﬁc
genes in rice, we measured synonymous substitution
rates for highly and lowly expressed genes of both
housekeeping and tissue-speciﬁc classes (Table 1).
From the Table 1, it is obvious that synonymous sub-
stitution rate of highly expressed housekeeping genes
(Ks ¼ 3.12) is signiﬁcantly (P , 0.001) lower than
that of highly expressed tissue-speciﬁc genes
(Ks ¼ 3.74). In contrast, there is no signiﬁcant differ-
ence in average synonymous substitution rate
between lowly expressed housekeeping (Ks ¼ 3.34)
and lowly expressed tissue-speciﬁc genes (Ks ¼ 3.41)
(Table 1). The results imply that in rice genome selec-
tive constraint shaping synonymous codon usage of
highly expressed genes varies depending on whether
they belong to housekeeping or tissue-speciﬁc genes.
Non-signiﬁcant difference in average synonymous
substitution rate between lowly expressed house-
keeping and tissue-speciﬁc genes suggest that lowly
expressed genes have been conserved during diver-
gence between rice and Arabidopsis. However, while
comparing synonymous substitution rates between
highly and lowly expressed tissue-speciﬁc and house-
keeping genes, an unusual trend have been observed.
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cantly lowered synonymous substitution rate in
highly expressed genes (Ks ¼ 3.12) (P, 0.05)
(number of genes ¼ 209) than lowly expressed genes
(Ks ¼ 3.34) (number of genes ¼ 203). Interestingly,
in tissue-speciﬁc genes of rice (Table 1), the average
synonymous substitution rates were signiﬁcantly
lower in lowly expressed genes (Ks ¼ 3.41) (P,
0.005) (number of genes ¼ 512) when compared
with highly expressed genes (Ks ¼ 3.74) (number of
genes ¼ 99). It has been shown in previous studies
that the synonymous substitution rate between
Escherichia coli and Salmonella typhimurium is lower in
highly than in weakly expressed genes, and it has been
suggestedthatthisisduetostronger selectionfortrans-
lational efﬁciency in highlyexpressed genes.
34 Recently,
Drummond et al.,
35 working on yeast, demonstrated
that expression level governs the rate of synonymous
substitution and protein sequence evolution. In rice
tissue-speciﬁc genes, our data suggest that high
expression does not necessarily lead to lower synon-
ymous substitution rates when compared with low
expression. However, this also prompts us to explore
relationship between expression level and translation
selection for both housekeeping and tissue-speciﬁc
genesinplants.Possibly,theremaybesomeotherselec-
tiveforcedeterminingthesynonymoussubstitutionrate
of highly expressed tissue-speciﬁc genes in rice.
3.2. Co-adaptation of synonymous codon usage with
the tRNA pool of housekeeping and tissue-speciﬁc
homologous genes in rice and in Arabidopsis
In an attempt to investigate the nature of selective
constraint shaping synonymous codon usage of house-
keepingandtissue-speciﬁcgenes,weanalyzedpreferred
codons in both the gene classes of rice (Table 2) and
Arabidopsis (Table 3). Preferred codons are those that
generally correspond to the most abundant tRNA
species and they provide ﬁtness beneﬁts to highly
expressedgenesbyenhancingtranslationalefﬁciency.
36
Theco-adaptationoftRNA contentandcodonusagefor
the optimal translation of highlyexpressed genes is well
known in Caenorhabditis elegans.
37 To test translational
selection in rice and Arabidopsis genome, we have
identiﬁed those codons in both housekeeping and
tissue-speciﬁc gene classes whose RSCU values are sig-
niﬁcantly higher in highly expressed genes than lowly
expressed genes. We then investigated the correspon-
dence between codon preferences in highly expressed
genes and tRNA gene copy number in both rice and
Arabidopsis. We obtained ten preferred codons in both
housekeeping and tissue-speciﬁc gene classes
(Table 2) in rice. We even considered revised wobble
rules for eukaryotic genomes to estimate preferred
codons in highly expressed housekeeping and tissue-
speciﬁc genes.
38 These rules assume that GNN tRNAs
pair with both C-ending and U-ending codons,
whereas ANN tRNA genes are modiﬁed to inosine and
decode both U-ending and G-ending codons.
Following revised wobble rule, we observed 14 pre-
ferred codons in housekeeping rice genes. Similarly, in
tissue-speciﬁc rice genes, there are 16 preferred
codons that correspond to most abundant tRNA copy
number.Ourresultindicatesthattranslationalselection
driven by tRNA copy number to optimize synonymous
codon usage of highly expressed genes equally inﬂu-
ences both housekeeping and tissue-speciﬁc genes in
ricewhichdoesnotcorroboratewithunexpectedlower-
ing (Table 2) of synonymous substitution rates in lowly
expressed tissue-speciﬁc genes. Same analysis was per-
formed in Arabidopsis and it has been observed that
in housekeeping genes, there are 10 codons that corre-
spondtomostabundanttRNAcopynumber,whereasin
tissue-speciﬁc genes, there are only ﬁve codons that
show perfect match with most abundant tRNA copy
number (Table 3). However, after following revised
wobble rules for eukaryotic genomes,
38 we obtained
17 codons in housekeeping genes that correspond to
most abundant tRNA copy number, whereas in tissue-
speciﬁc class, we observed only eight preferred codons
that correspond to most abundant tRNA copy number
(Table 3). Therefore, in Arabidopsis translational selec-
tion driven by tRNA copy number to optimize synony-
mous codon usage of highly expressed genes has a
greater inﬂuence in housekeeping Arabidopsis genes.
3.3. Selective constraint acting on mRNA secondary
structure is responsible for regulating synonymous
substitution rates in rice tissue-speciﬁc genes
It has already been demonstrated that there is a
selection for local RNA secondary structures in
Table 1. Average values of synonymous substitution rates for
housekeeping and tissue-speciﬁc classes of genes in highly
expressed (HEG) and lowly expressed genes (LEG) of rice
Housekeeping Tissue
speciﬁc
Level of
signiﬁcance (b)
HEG 3.12 3.74 P , 0.001
LEG 3.34 3.41 NS
Level of
signiﬁcance (a)
P , 0.05 P , 0.005
Level of signiﬁcance (a) indicates signiﬁcance of the differ-
ence between highly (HEG) and lowly (LEG) expressed
housekeeping and tissue-speciﬁc genes of rice.
Level of signiﬁcance (b) indicates signiﬁcance of the differ-
ence between highly (HEG) expressed housekeeping and
tissue-speciﬁc genes of rice and lowly (LEG) expressed
housekeeping and tissue-speciﬁc genes of rice.
NS indicates not-signiﬁcant.
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resembles the folding proﬁles of the coded proteins.
39
Further, it has been observed in E. coli the decrease of
the stability of mRNA structure contributes to the
increase of mRNA expression
40 suggesting possible
relationships between synonymous codon usage and
presence of some constraints upon mRNA secondary
structure that subsequently regulate the gene
expression levels. A signiﬁcant increase (P, 0.005)
of average mRNA folding energy was observed only
in highly expressed tissue-speciﬁc genes, whereas
there is no signiﬁcant difference of mRNA folding
energy between highly and lowly expressed house-
keeping genes in rice. In order to determine
whether selection acts on mRNA secondary structure
to modulate synonymous substitution rates of tissue-
speciﬁc genes, we performed correlation analysis
between synonymous substitution rates of each gene
with its corresponding mRNA folding energy. A sig-
niﬁcant strong positive correlation (Rs ¼ 0.307,
P , 0.001) indicates constraints on mRNA secondary
structure inﬂuencing synonymous substitution rates
in tissue-speciﬁc class of genes in rice. Thus, the inﬂu-
ence of constraints acting on mRNA secondary
Table 2. RSCU values of highly expressed (HEG) and lowly expressed (LEG) housekeeping and tissue-speciﬁc genes in rice
AA Codons RSCU
(HEG)
RSCU (LEG) tRNA copy number of
Oryza sativa
AA Codons RSCU
(HEG)
RSCU (LEG) tRNA copy number of
Oryza sativa
Phe TTT 0.78 (0.57) 0.94 (0.72) 0 Ala GCT 1.12 (0.63) 1.09 (0.76) 25
TTC* 1.22 (1.43) 1.06 (1.28) 15 GCC
T !
1.17 (1.43) 1.13 (1.34) 0
Tyr TAT 0.81 (0.59) 1 (0.76) 0 GCA 0.82 (0.54) 0.95 (0.72) 11
TAC* 1.19 (1.41) 1 (1.24) 16 GCG 0.88 (1.4) 0.84 (1.17) 13
His CAT 0.96 (0.74) 1.04 (0.91) 0 Gly GGT 1.01 (0.69) 1.05 (0.73) 0
CAC* 1.04 (1.26) 0.96 (1.09) 11 GGC* 1.3 (1.83) 1.05 (1.63) 24
Asn AAT 0.88 (0.84) 1.14 (0.89) 0 GGA 0.86 (0.69) 0.95 (0.78) 13
AAC* 1.12 (1.16) 0.86 (1.11) 14 GGG 0.82 (0.79) 0.95 (0.86) 8
Asp GAT 1.05 (0.84) 1.18 (0.92) 0 Leu TTA 0.37 (0.38) 0.55 (0.41) 7
GAC* 0.95 (1.16) 0.82 (1.08) 28 TTG 0.98 (0.88) 1.22 (0.97) 9
Cys TGT 0.69 (0.39) 0.98 (0.66) 0 CTT 1.3 (0.75) 1.28 (0.95) 19
TGC* 1.31 (1.61) 1.02 (1.34) 10 CTC* !
1.57 (1.94) 1.34 (1.74) 0
Gln CAA
T 0.7 (0.87) 0.85 (0.78) 16 CTA 0.41 (0.49) 0.56 (0.51) 8
CAG 1.3 (1.13) 1.15 (1.22) 13 CTG 1.37 (1.56) 1.05 (1.43) 6
Lys AAA 0.56 (0.55) 0.79 (0.67) 10 Ser TCT 1.14 (0.73) 1.21 (0.92) 17
AAG* 1.44 (1.45) 1.21 (1.33) 22 TCC 1.2 (1.24) 1.17 (1.23) 0
Glu GAA 0.7 (0.64) 0.83 (0.7) 15 TCA 1.06 (0.68) 1.19 (0.94) 10
GAG* 1.3 (1.36) 1.17 (1.3) 29 TCG 0.76 (1.18) 0.64 (0.94) 7
Val GTT 1.21 (0.7) 1.26 (0.87) 21 AGT 0.75 (0.84) 0.84 (0.68) 0
GTC
H !
1.09 (1.24) 0.92 (1.23) 0 AGC 1.1 (1.34) 0.95 (1.28) 13
GTA 0.39 (0.32) 0.56 (0.39) 4 Arg CGT
H 0.8 (0.61) 0.63 (0.56) 16
GTG 1.32 (1.74) 1.27 (1.52) 10 CGC
T !
1.37 (1.71) 1.26 (1.42) 0
Pro CCT 1.16 (0.68) 1.14 (0.89) 16 CGA 0.39 (0.34) 0.48 (0.49) 4
CCC
T !
0.83 (0.98) 0.86 (0.8) 0 CGG 0.88 (1.05) 0.94 (1.12) 7
CCA 1.1 (0.78) 1.16 (0.99) 11 AGA 0.96 (0.65) 1.19 (0.96) 9
CCG 0.91 (1.56) 0.83 (1.32) 10 AGG 1.6 (1.63) 1.51 (1.45) 10
Thr ACT 1.09 (0.79) 1.12 (0.84) 9 Ile ATT 1.12 (0.76) 1.24 (0.98) 23
ACC* !
1.26 (1.44) 0.96 (1.23) 0 ATC* !
1.32 (1.8) 1 (1.39) 0
ACA 1.05 (0.7) 1.38 (0.96) 8 ATA 0.56 (0.45) 0.76 (0.63) 6
ACG 0.61 (1.07) 0.54 (0.98) 0
RSCU values within parenthesis represent tissue-speciﬁc genes of rice, and the values outside represent housekeeping rice
genes. Arrows indicate the correspondence between codon and their isoaccepting tRNA based on revised wobble rules.
Codons marked with asterisk hold a perfect correspondence with most abundant tRNA gene copy number in both house-
keeping and tissue-speciﬁc genes. Codons marked with superscript H shows higher preference in highly expressed house-
keeping genes. Codons marked with superscript T shows higher preference in highly expressed tissue-speciﬁc genes.
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rice tissue-speciﬁc genes.
3.4. Mutational bias regulates error minimization in
both rice and Arabidopsis homologous set
It is clear from our result that selective constraint
shaping synonymous codon usage has taken a differ-
ent turn in both housekeeping and tissue-speciﬁc
highly expressed genes. Therefore, it is quite interest-
ing to explore evolutionary forces acting on synony-
mous codon usage to optimize error minimization
capacity of highly expressed housekeeping and
tissue-speciﬁc genes in both the plants. The evolution
of genetic code took place in such a way so that it can
minimize errors due to mutation and mistranslation.
The theory of error minimization for the evolution
of genetic codes postulates that the codons are
arranged in such a way that reduces errors.
41,42
Thus synonymous codons differ in their capacity to
minimize the effects of errors due to mutation or mis-
translation. In Drosophila melanogaster, the degree of
error minimization is correlated with the degree of
codon usage bias.
43 Later, it was reported that the
Table 3. RSCU values of highly expressed (HEG) and lowly expressed (LEG) housekeeping and tissue-speciﬁc genes in Arabidopsis
AA Codons RSCU
(HEG)
RSCU (LEG) tRNA copy number of
Arabidopsis
AA Codons RSCU
(HEG)
RSCU (LEG) tRNA copy number of
Arabidopsis
Phe TTT 0.87 (1.05) 1.04 (1.13) 0 Ala GCT
H 1.9 (1.8) 1.73 (1.76) 16
TTC
H 1.13 (0.95) 0.96 (0.87) 16 GCC
H !
0.7 (0.65) 0.57 (0.57) 0
Tyr TAT 0.81 (0.97) 1.12 (1.13) 0 GCA 0.95 (1.1) 1.18 (1.07) 10
TAC* 1.19 (1.03) 0.88 (0.87) 76 GCG 0.45 (0.45) 0.52 (0.6) 7
His CAT 1.01 (1.18) 1.24 (1.32) 0 Gly GGT
H!
1.55 (1.32) 1.33 (1.33) 1
CAC
H 0.99 (0.82) 0.76 (0.68) 10 GGC 0.5 (0.54) 0.46 (0.46) 23
Asn AAT 0.84 (1) 1.04 (1.1) 0 GGA 1.47 (1.53) 1.57 (1.53) 12
AAC
H 1.16 (1) 0.96 (0.9) 16 GGG 0.48 (0.61) 0.64 (0.69) 5
Asp GAT 1.26 (1.28) 1.38 (1.38) 0 Leu TTA 0.57 (0.69) 0.82 (0.87) 6
GAC* 0.74 (0.72) 0.62 (0.62) 26 TTG 1.36 (1.39) 1.16 (1.38) 10
Cys TGT 1.16 (1.11) 1.21 (1.21) 0 CTT 1.73 (1.57) 1.62 (1.53) 12
TGC 0.84 (0.89) 0.79 (0.79) 15 CTC 1.25 (1.01) 1.12 (0.93) 1
Gln CAA 0.94 (1.01) 1.14 (1.13) 8 CTA 0.48 (0.58) 0.68 (0.66) 10
CAG
H 1.06 (0.99) 0.86 (0.87) 9 CTG 0.62 (0.76) 0.6 (0.64) 3
Lys AAA 0.75 (0.86) 1.07 (1.03) 13 Ser TCT 1.71 (1.68) 1.61 (1.65) 37
AAG* 1.25 (1.14) 0.93 (0.97) 18 TCC
H !
0.82 (1.64) 0.69 (0.7) 1
Glu GAA 0.88 (0.97) 1.06 (1.09) 12 TCA 1.1 (1.23) 1.24 (1.28) 9
GAG* 1.12 (1.03) 0.94 (0.91) 13 TCG 0.66 (0.58) 0.77 (0.59) 4
Val GTT 1.74 (1.58) 1.69 (1.76) 15 AGT 0.87 (1) 0.94 (0.99) 0
GTC* !
0.83 (0.88) 0.7 (0.66) 0 AGC 0.83 (0.87) 0.75 (0.78) 13
GTA 0.39 (0.42) 0.6 (0.63) 7 Arg CGT* 1.33 (1.28) 1 (0.97) 9
GTG 1.04 (1.12) 1.01 (0.96) 8 CGC
H !
0.46 (0.45) 0.34 (0.43) 0
Pro CCT 1.56 (1.57) 1.52 (1.72) 16 CGA 0.53 (0.67) 0.69 (0.78) 6
CCC 0.5 (0.41) 0.39 (0.46) 0 CGG 0.34 (0.34) 0.72 (0.5) 4
CCA 1.32 (1.38) 1.33 (1.28) 45 AGA 1.87 (1.87) 2.16 (2.25) 9
CCG 0.62 (0.64) 0.76 (0.54) 5 AGG 1.47 (1.39) 1.08 (1.08) 8
Thr ACT 1.53 (1.47) 1.39 (1.44) 10 Ile ATT 1.29 (1.26) 1.25 (1.24) 19
ACC* !
1.02 (1.01) 0.7 (0.83) 0 ATC* !
1.3 (1.14) 1.07 (0.98) 0
ACA 0.96 (0.95) 1.33 (1.21) 8 ATA 0.42 (0.6) 0.68 (0.78) 5
ACG 0.49 (1.58) 0.59 (0.52) 6
RSCU values within parenthesis represent tissue-speciﬁc genes of Arabidopsis, and the values outside represent housekeep-
ing Arabidopsis genes. Arrows indicate the correspondence between codon and their isoaccepting tRNA based on revised
wobble rules. Codons marked with asterisk hold perfect correspondence with most abundant tRNA copy number in
both housekeeping and tissue-speciﬁc genes. Codons marked with superscript H show signiﬁcantly (P, 0.05) higher pre-
ference in highly expressed housekeeping genes.
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E. coli has been selected in such a way that mistransla-
tion would have the minimum possible effects on the
structure and function of the related proteins.
Furthermore, according to Najafabadi et al.
44 fre-
quencies of codons in highly expressed genes that cor-
respond to most abundant tRNA copy number may
have been under selection pressure for error minimiz-
ation. For rice genome, we have calculated the error
minimization capacity (wRn) of housekeeping and
tissue-speciﬁc genes. We observed signiﬁcant lowering
of wRn (P , 0.001) for housekeeping genes
(wRn ¼ 20.3322) with respect to tissue-speciﬁc
genes (wRn ¼ 20.2458). This result indicates the
presence of stronger selective constraint on codon
usage of housekeeping genes to achieve greater
degree of error minimization capacity. We compared
wRn between highly and lowly expressed genes of
housekeeping and tissue-speciﬁc categories of rice
genome (Table 4). We observed signiﬁcantly
(P , 0.001) greater error minimizing capacity for
highly expressed housekeeping genes than lowly
expressed housekeeping genes. Surprisingly, in tissue-
speciﬁc genes, we observed no signiﬁcant difference
of error minimization between highly and lowly
expressed genes in rice. Thus, selection on codon
usage for error minimization has hardly had any role
in distinguishing highly and lowly expressed tissue-
speciﬁc genes. Our observations for housekeeping
genes are in consistent with the previous ﬁndings
that highly expressed genes are those having a
strong preference for codons to minimize the effect
of errors by mutation and mistranslation.
30,44–47
We also performed the same analysis for Arabidopsis
genes and observed that highly expressed genes in
both housekeeping and tissue-speciﬁc categories
have signiﬁcantly (P , 0.001) greater error minimiz-
ing capacity than lowly expressed genes (Table 5).
Therefore, selection acting on synonymous codon
usage to optimize error minimization capacity of
highly expressed genes equally inﬂuences both house-
keeping and tissue-speciﬁc homologous genes of
Arabidopsis. However, it is noteworthy that there is
no signiﬁcant difference in error minimizing capacity
between highly expressed housekeeping and tissue-
speciﬁc Arabidopsis genes. This discrepancy between
translational selection driven by tRNA copy number
and genetic robustness in both plants indicate that
error minimizing capacity of highly expressed genes
does not depend on selection based on tRNA abun-
dance for both rice and Arabidopsis as observed in
E. coli.
44,45 It is reasonable to assume from our
results that frequencies of codons in highly expressed
genes that correspond to most abundant tRNA copy
number may not be under selection pressure for
error minimization.
However, according to Archetti
43 if genetic robust-
ness is correlated with GC composition then muta-
tional bias is a reason behind the observed pattern
of error minimization. In order to investigate if
observed pattern of error minimization in rice and
Arabidopsis is due to mutational bias, we measured
GC3 level for both highly and lowly expressed homo-
logous genes of housekeeping and tissue-speciﬁc
genes in rice and Arabidopsis. A signiﬁcant difference
in average GC3 (P , 0.001) level has been observed
between highly and lowly expressed genes of both
housekeeping and tissue-speciﬁc homologous genes
of Arabidopsis (Table 6). Correlation analysis was per-
formed between GC content and error minimization
capacity of both housekeeping and tissue-speciﬁc
genes of Arabidopsis. A signiﬁcant strong negative
correlation has been observed between error
Table 4. Average error minimization values (wRn) of
housekeeping and tissue-speciﬁc classes of genes in highly
expressed (HEG) and lowly expressed genes (LEG) of rice
Housekeeping (wRn) Tissue speciﬁc (wRn)
HEG 20.39463 20.26440
LEG 20.28266 20.24700
Level of signiﬁcance P , 0.001 NS
Level of signiﬁcance between highly expressed (HEG) and
lowly expressed (LEG) housekeeping and tissue-speciﬁc
genes of rice is shown. NS indicates average values of error
minimization (wRn) not signiﬁcant between highly and
lowly expressed tissue-speciﬁc genes of rice.
Table 6. Average GC3 values for housekeeping and tissue-speciﬁc
classes of genes in highly expressed (HEG) and lowly expressed
genes (LEG) of Arabidopsis
Housekeeping Tissue speciﬁc
HEG 45.64 45.34
LEG 41.88 40.46
Level of signiﬁcance P , 0.005 P , 0.001
Level of signiﬁcance between highly expressed (HEG) and
lowly expressed (LEG) housekeeping and tissue-speciﬁc
genes of Arabidopsis is shown.
Table 5. Average error minimization values (wRn) of
housekeeping and tissue-speciﬁc classes of genes in highly
expressed (HEG) and lowly expressed genes (LEG) of Arabidopsis
Housekeeping (wRn) Tissue speciﬁc (wRn)
HEG 20.1937 20.1514
LEG 20.0059 0.0531
Level of signiﬁcance P , 0.001 P , 0.001
Level of signiﬁcance between highly expressed (HEG) and
lowly expressed (LEG) housekeeping and tissue-speciﬁc
genes of Arabidopsis is shown.
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keeping (Rs ¼ 20.541, P , 0.001) and tissue-speciﬁc
genes (Rs ¼ 20.499, P, 0.001) in Arabidopsis
(Supplementary Tables S6–S9 contain Arabidopsis
housekeeping and tissue-speciﬁc homologous genes
and their corresponding GC3 and error minimization
values). However, in rice, there is no signiﬁcant differ-
ence of GC3 between highly and lowly expressed
tissue-speciﬁc genes (Table 7). Rather, we observed
a signiﬁcant difference in average GC3 level only
between highly and lowly expressed housekeeping
genes in rice (Table 7). There is a signiﬁcant
(P , 0.001) increment of GC content in highly
expressed housekeeping genes of rice genome; con-
sistent with this, we found that synonymous substi-
tution rate of GC-rich rice housekeeping genes
(Ks ¼ 2.54) is signiﬁcantly (P, 0.001) lower than
GC-poor housekeeping genes (Ks ¼ 3.63). In addition,
it has been further estimated that the synonymous
substitution rate (Ks) is negatively correlated
(Rs ¼ 20.216, P , 0.01) with GC content at third
codon position in housekeeping set of genes in rice.
The result suggests that increment of GC in highly
expressed housekeeping genes is under selection to
optimize synonymous substitution rates.
Correlation analysis was again performed between
GC content and error minimization capacity of house-
keeping genes in rice. A signiﬁcant strong negative cor-
relation (Rs ¼ 20.606, P, 0.001) has been observed
between error minimization capacity and GC content
of housekeeping genes in rice. These lead us to con-
clude that in plants it is the mutational bias that
regulates error minimization of highly expressed genes.
3.5. Conclusion
In this work, we studied how selective constraint
shape synonymous codon usage of housekeeping
and tissue-speciﬁc homologous genes in both rice
and Arabidopsis. We observed that there is difference
in codon usage pattern between housekeeping and
tissue-speciﬁc genes in both rice and Arabidopsis
genes. Although, previous studies on Drosophila and
rodents favor selectionist model for error minimiz-
ation at protein level,
30 we demonstrated that muta-
tional bias is responsible for the observed pattern of
error minimization. We argue that error minimization
at protein level has taken a different turn after the
divergence of plants and animals. Moreover, our
results show that housekeeping genes are under
stronger selective constraint than that of the tissue-
speciﬁc genes. Translational selection driven by tRNA
copy number is responsible for optimizing codon
usage variation in housekeeping genes. On the con-
trary, in housekeeping genes, selection acting on
mRNA secondary structural stability of tissue-speciﬁc
genes has a greater inﬂuence to modulate codon
usage variation. Lavner and Kotlar
48 argued that
selection may act on codon bias to reduce elongation
rate by favoring non-optimal codons in lowly
expressed genes. In the present study, inﬂuence of
mRNA secondary structural stability on codon usage
variation of tissue-speciﬁc genes might be the con-
sequence of favoring non-optimal codons in lowly
expressed tissue-speciﬁc genes. Thus, our study unam-
biguously suggests that two sets of genes in rice and
Arabidopsis (housekeeping and tissue speciﬁc) have
evolved under contrasting evolutionary constraints.
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